Bone disease is a serious complication to diabetes. Patients with type 1 diabetes (T1D) and type 2 diabetes (T2D) suffer from an increased risk of fracture, most notably at the hip, compared with patients without diabetes. Confounders such as patient sex, age, body mass index, blood glucose status, fall risk, and diabetes medications may influence the fracture risk. Different underlying mechanisms contribute to bone disease in patients with diabetes. Bone quality is affected by low bone turnover in T1D and T2D, and furthermore, incorporation of advanced glycation end-products, changes in the incretin hormone response, and microvascular complications contribute to impaired bone quality and increased fracture risk. Diagnosis of bone disease in patients with diabetes is a challenge as current methods for fracture prediction such as bone mineral density T-score and fracture risk assessment tools underestimate fracture risk for patients with T1D and T2D. This review focuses on bone disease and fracture risk in patients with diabetes regarding epidemiology, underlying disease mechanisms, and diagnostic methods, and we also provide considerations regarding the management of diabetes patients with bone disease in terms of an intervention threshold and different treatments.
Introduction
Diabetes mellitus type 1 (T1D) and type 2 (T2D) affects millions of people worldwide. Diabetes is characterized by hyperglycemia and diabetes complications that affect quality of life of the patients negatively and places a major economic burden on society [1] . Thus, diagnosis, treatment and prevention of diabetes and its complications is crucial. Traditional diabetes complications are microvascular complications; retinopathy, nephropathy, and neuropathy, and macrovascular complications such as cardiovascular disease. Over the last 50 years, it has become evident that diabetes also affects bone and patients with diabetes have an increased risk of fracture. The diabetic bone disease is caused by complex underlying mechanisms leading to impaired bone quality. Furthermore, an increased risk of falling in diabetes patients and possible harmful side effects secondary to diabetes treatment may further increase the fracture risk. Interestingly, traditional fracture predictors such as the bone mineral density (BMD) [2] and The Fracture Risk Assessment (FRAX) tool [2, 3] underestimate fracture risk in diabetes, thus contributing to the notion that bone quality is affected by diabetes. The current knowledge on diabetic bone disease and fracture risk in patients with diabetes regarding epidemiology, underlying disease mechanisms, diagnosis, and treatment, and future perspectives in managing bone disease in diabetes are reviewed in the following.
Fracture risk
Fracture risk in patients with diabetes can be described by fracture site, diabetes type, possible confounders, and fracture mechanism (low/high energy). This review focuses on low-energy or fragility fractures.
Fracture site
Meta-analyses have evaluated fracture risk in patients with diabetes. For T1D, recent studies report an increased relative risk (RR) of hip fracture of 4.5e5.5 compared with controls without diabetes [4e6] . Other studies have reported higher RRs for hip fracture of 6e7 for T1D compared with controls [7, 8] . For T2D, most studies report an increased RR of hip fracture of 1.2e1.3 compared with controls without diabetes [4, 5, 7, 8] . In addition to hip fracture, the risk of fractures at other sites may also be increased. For overall fracture risk, one study reported increased RRs of all fractures of 1.51 and 1.22 for T1D and T2D, respectively, compared with controls [4] . Two other studies found similar estimates for overall fracture risk in T2D [9] and also for so-called low bone mass-related fractures in T2D [10] . For vertebral fractures, the published data show insignificant results for both T1D and T2D [4, 11] . However, one study comprising patients with both T1D and T2D did find increased RR of vertebral fractures compared with controls [12] . The reported differences in risk estimates for fractures may be due to heterogeneity of the studies included in the meta-analyses. Some meta-analyses include only cohort studies with a prospective or retrospective design, while other meta-analyses are based on all study types including cross-sectional studies. Further, not all original studies have a clear definition of diabetes type [13e15] . If diabetes definition is based on registry data, insulin use, or age at diabetes diagnosis, some patients with T1D could be misclassified as having T2D. This would bias the results and potentially increase the estimates for fracture risk in T2D.
Diabetes type
Most studies report higher fracture risks for patients with T1D than for patients with T2D compared with controls. T1D and T2D are both characterized by hyperglycemia, but the underlying disease mechanisms are very different [16] . In T1D, autoimmune destruction of the pancreatic beta cells results in insulinopenia, and patients with T1D are hence total reliant on treatment with exogenous insulin. Patients with T1D are often diagnosed in early childhood or adolescence and have no diabetes-related complications at time of diagnosis. In contrast, T2D is triggered by insulin resistance and relative insulin deficiency. Patients with T2D are often older than patients with T1D at the time of diagnosis and may present with a number of diabetes complications already at time of diagnosis. As patients with T1D lack insulin during childhood and adolescence, they fail to reach the expected peak bone mass in young life, thus increasing risk of fracture, as reviewed by Hough et al. [17] . Furthermore, insulin treatment may affect bone turnover, as reviewed later in this review. For T2D, bone turnover may be affected by obesity and hyperglycemia in the years prior to diagnosis and treatment.
Other confounders
For gender, a number of studies have reported an increased fracture risk in female patients with T1D and T2D compared with male patients with T1D and T2D, respectively [10, 18, 19] . Other studies reported no effect of gender on fracture risk [5, 12, 13] . Leslie et al. [14] investigated the effect of age on fracture risk in a population of patients with diabetes. However, there was no clear definition of diabetes type and the cohort comprised patients with both T1D and T2D. The study revealed a biphasic pattern where the risk of osteoporotic fractures and hip fractures is first decreased in the years following diagnosis of diabetes but then subsequently increased in patients with long diabetes duration. The same study showed that the fracture rates for patients with diabetes were higher in younger age compared with controls without diabetes but lower in older age compared with controls, thus emphasizing the complex relationship between fracture risk and age in patients with diabetes [14] . For diabetes duration, studies have shown positive associations with fracture risk [20] , and presence of microvascular complications is also associated with increased fracture risk [21, 22] . For blood glucose, a positive association has been shown between glycosylated hemoglobin (HbA 1c ) and fracture risk in T1D [23] and T2D [24] , however a recent study showed only increased risk of fracture in patients with T1D and HbA 1c above 8%, while HbA 1c levels did not affect fracture risk in T2D [25] . Two other studies by Puar et al. [26] and Holmberg et al. [27] reported inverse relationships between blood glucose and fracture risk. Puar et al. [26] showed that HbA 1c was inversely correlated to fracture risk in patients with T2D, and the authors proposed that this is due to and increased risk of falling with hypoglycemia. Holmberg et al. [27] conducted a large prospective study and found that hyperglycemia when measured as blood glucose 2 hours after an oral glucose tolerance test was inversely associated with incidence of multiple fractures in men and women, and in women also with osteoporotic fractures. In the study, blood glucose was positively associated with body mass index (BMI), and the authors speculated whether the results reflect a protective effect of obesity on fracture risk in combination with a harmful effect of smoking in the leaner patients [27] . Thus, poor glycemic control may impact differently on fracture risk dependent on diabetes type.
For weight, Huang et al. [28] have previously presented the complex relationship between obesity and fracture risk. The authors showed in a large retrospective study, that obesity was positively associated with T2D. Interestingly, the study also showed that for patients with T2D, high BMI was associated with a lower risk of hip fracture compared with normal BMI [28] . However, when comparing different BMI-subgroups, the RR of hip fracture was only significantly increased for the T2D patients with a normal BMI compared with controls with similar BMI [28] . The study lacks information on BMD, which could potentially confound the results. In a cross-sectional study, both underweight and overweight in T2D were associated with the presence of vertebral fractures [29] . Furthermore, BMI has been proposed as a factor in prediction models for the risk of hip fracture and presence of vertebral fractures in T2D [30, 31] . A tentative conclusion on the relationship between weight and fracture is that obesity is a contributing factor to disease development of T2D but may also protect against fragility fractures. Increased frailty in patients with diabetes may also contribute to fracture risk. In a study by Li et al., patients with T2D were more prone to frailty than population controls, and higher frailty increased the risk of fragility fracture but not spine or hip fracture in T2D [32] . Frailty may potentially lead to falls, and a study showed that patients with diabetes reported more falls which was associated with low energy fractures [33] . In addition, sarcopenia, the presence of low muscle mass and low muscle function [34] has been positively associated with osteoporosis, fracture risk, and fall risk in postmenopausal women without diabetes [35] . For patients with T2D, a large cohort study from Korea reported that 15.7% of patients with T2D compared with 6.9% of controls suffered from sarcopenia [36] . However, the study defined sarcopenia as low skeletal muscle mass measured by dual-energy X-ray absorptiometry (DXA) scans and did not investigate muscle function. A crosssectional study with young patients age 40e60 years found lower muscle mass and decreased muscle function in patients with T2D compared with controls, even after adjustment for disease duration, glucose status, vitamin D levels, and presence of microvascular complications [37] . There is still a lack of studies investigating the association between sarcopenia and fracture risk in patients with diabetes. Taken together, several confounders may influence the risk of fracture in diabetes. The possible confounders of fracture risk should be addressed in studies examining fracture risk in patients with diabetes.
Morbidity and mortality related to fracture in diabetes
Hip fractures are known to negatively impact morbidity and mortality in all patients [38, 39] , including patients with diabetes [40] . For proximal humerus fractures, one study showed that women with T2D had increased mortality following fracture and both men and women with T2D had a higher number of postfracture complications compared with patients without diabetes [41] . Interestingly, another study that could not discriminate between T1D and T2D showed that patients with diabetes did not have increased mortality nor longer duration of hospital stay following proximal femur fracture compared with patients without diabetes [42] . Fracture incidence in patients with diabetes influences the quality of life, and a study by Vok o et al. showed that osteoporotic fractures decrease the quality of life to the same extent as severe diabetes complications such as blindness and amputation [43] . Taken together, these data suggest that fractures in patients with diabetes is a serious diabetes complication.
Underlying mechanisms
In diabetes, bone disease is caused by underlying mechanisms that impair bone quality and increase fracture risk. Here, we explore bone quality by bone turnover and bone material properties. For an overview of all factors affecting fracture risk in patients with diabetes, see Fig. 1 .
Bone turnover
Bone turnover in patients with diabetes is lower compared with controls without diabetes. Bone biopsy studies have shown low bone turnover in T1D and T2D, although interpretation of the results is limited by small numbers of patients in the studies [44, 45] . In contrast, another study with transiliac biopsies in 18 patients with T1D and subsequent histmorphometric analyses found no differences in neither bone turnover nor structural parameters between the patients and a matched control group without diabetes, however, patients in this study were recently diagnosed and well-regulated with a mean HbA1c of 6.8% [46] . A meta-analysis from our group have shown lower levels of bone turnover markers in patients with T1D and T2D compared with controls without diabetes [47] . Our study demonstrated lower serum levels of the resorption marker C-terminal cross-linked telopeptide (CTX) and of the formation markers procollagen type 1 amino terminal propeptide (P1NP) and osteocalcin in patients with diabetes as a whole compared with controls without diabetes. This was also found when patients with T1D or T2D were compared separately with controls [47] . Interestingly, the study showed higher serum levels of sclerostin in patients with T1D and T2D compared with controls. Sclerostin, a bone-signaling peptide, is secreted from the osteocyte and inhibits osteoblast activity by blocking the canonical wingless integration signaling and stimulates osteoclast activation by stimulating the release of receptor activator of nuclear factor-kB ligand (RANKL) from osteocytes [48] . Secretion of sclerostin by the osteocytes is reduced by mechanical loading [49] , and women with T2D and relative immobility have increased levels of sclerostin [50] . In vitro studies have shown increased sclerostin expression in osteoblasts, osteocytes, and osteocyte-like cells after incubation with glucose at high concentrations [51, 52] . A paper by Daniele et al. [53] demonstrated that sclerostin levels are increased in patients with impaired fasting glucose compared with patients with normal fasting glucose and correlated with peripheral insulin resistance. Taken together, sclerostin appears to be linked with hyperglycemia in prediabetes and diabetes, and we speculate whether changes in sclerostin levels in diabetes may be caused by osteocyte dysfunction based on hyperglycemia, relative immobility, and possible additional factors.
Bone material properties
Advanced glycation end-products (AGEs) are incorporated into bone by nonenzymatic glycation of collagen and may affect the bone material properties. AGEs accumulate in tissues and bone with age. Increased levels of AGEs have been linked with osteoporosis in postmenopausal women [54] , and another study has shown that levels of pentosidine, the most common AGE, all AGEs, and the soluble receptor for AGEs, sRAGE, were higher in patients with T2D compared with healthy controls [55] . In vitro studies indicate that AGEs interfere with osteoclast differentiation and activity [56] and also with osteoblast function [57] . Animal studies have shown that AGE-modified collagen inhibited osteoblastic differentiation and function in vitro [58] .
Gastrointestinal hormones
Changes in the gastrointestinal hormone response may also contribute to bone disease in diabetes. The incretin hormones glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP-1) and the gastrointestinal hormone glucagon-like peptide-2 (GLP-2) are secreted from the L-(GLP-1 and GLP-2) and K-cells (GIP) of the small intestine following food intake. GIP and GLP-1 exert a beneficial effect of glucose homeostasis and previous studies have found that T2D patients have a decreased incretin response [59e61] which could contribute to disease development. On the contrary, for T1D, results have been conflicting [62e64]. The gastrointestinal hormones are thought to affect bone turnover through the gut-bone-axis [65] . Receptors for GIP have been found on osteoblast-like cells [66] , mature osteoblasts [67] , and osteoclasts [68] and act in favor of bone formation. Receptors for GLP-1 Fig. 1 . Summary of the different factors that contribute to the increased fracture risk in patients with diabetes, see text for further details. BMI, body mass index; T1D, type 1 diabetes; T2D, type 2 diabetes; HbA 1c , glycosylated hemoglobin. and GLP-2 have been found on osteoblastic precursor cells and treatment of the cells with GLP-1 and GLP-2 increased cell viability [67] . For GLP-1, the presence of a functional receptor on mature osteoblasts has been suggested in some papers [67, 69] but denied by others [70, 71] . Taken together, a lack of proof remains that the gastrointestinal hormones contribute to bone disease in diabetes.
Microvascular complications
Microvascular complications may affect the bone in diabetes as argued by Shanbhogue et al. [72] in a review from 2017 that outlines the possible associations between microangiopathy, bone loss, and fracture risk in T1D and T2D. Several other papers have reported that peripheral neuropathy [21, 73] and retinopathy [74, 75] are associated with fracture risk in T2D and possibly also T1D. However, other studies have suggested that microvascular complications do not contribute to increased fracture risk in T1D and T2D [76] . A register-based case-control study with 124,655 fracture cases and 373,962 age-and sex-matched controls showed that only diabetes nephropathy but no other diabetes complication increased the risk of fracture for patients with T1D and T2D [77] . The question remains whether microangiopathy in relation to bone disease in diabetes serves as a proxy for diabetes duration, poorly controlled diabetes, and an increased risk of falling. Some prospective studies with relatively long follow-up and a large number of participants have shown that the association between fractures risk in patients with T2D persists after adjusting for increased fall risk [15, 78] .
Diagnosis of bone disease in diabetes
The bone status and fracture risk in patients with diabetes may be evaluated by different approaches; BMD, clinical risk factors, fracture probability, bone microarchitecture, and bone strength.
BMD and clinical risk factors
Traditionally, fracture risk is assessed by DXA-derived BMD and T-scores. Studies have consistently shown lower BMD in patients with T1D compared with controls without diabetes [8] , and higher BMD in patients with T2D [8, 79] . Remarkably, for patients with both T1D and T2D, the BMD T-score underestimates the fracture risk [8, 79] . A paper compiling data from three prospective studies found that women and men with T2D had a higher risk of hip and nonspine fracture for a given T-score compared with controls without diabetes, however, for male patients not using insulin, the increased fracture risk was only significant for hip fractures [79] . Further, a large cohort study found that both the femoral neck BMD T-score and the prevalence of major fracture were significantly higher in women with T2D compared with women without diabetes [80] . The same study also found that low BMD was associated with incident fracture risk in patients with T2D similar to the risk in patients without diabetes [80] . This has also been shown in another large cohort study [79] . The FRAX algorithm is a computer-based tool that allows for calculations of the 10-year fracture probability [3] . The assessment is based on clinical risk factors and the hip BMD T-score and allows for incorporation of secondary osteoporosis such as T1D but not T2D. One prospective study found that the FRAX algorithm underestimates fracture risk in patients with T2D [79] , and a retrospective cohort study found that FRAX underestimates the risk of hip fracture and major osteoporotic fracture in a mixed group of T1D and T2D patients [81] . In conclusion, neither BMD T-score nor the FRAX tool provide satisfactory fracture risk assessment for patients with diabetes, and further considerations on this topic are described in section 5.1.
Bone microarchitecture and bone quality
High resolution peripheral quantitative computed tomography (HRpQCT) evaluates bone microarchitecture and volumetric BMD (vBMD) at the tibia and radius and the estimated bone strength and failure load can be calculated. A large cohort study has shown that HRpQCT-derived bone indices including estimated failure load predict fracture risk in patients without diabetes [82] . A newer approach to assess bone quality is bone indentation. Bone indentation can be performed with a hand-hell probe that creates small microcracks on the bone surface in vivo. The bone material strength index (BMSi) is calculated based on the bone's resistance to indentation [83, 84] . Samelson et al. [85] reported lower cortical vBMD and higher cortical porosity in the tibia but not the radius in a prospective cohort study with 129 patients with T2D compared with controls without diabetes. A cross-sectional study of 99 women with T2D found that the cortical porosity was higher in the radius in T2D compared with controls when measured at the standard site of the radius but lower in T2D compared with controls when measured at a more proximal site [86] . There were no differences between groups in cortical porosity of the tibia. The study argues that it may be more accurate to measure cortical indices at a more proximal site due to lower risk of misplacement of the endosteal contour. The same study found lower BMSi and higher failure load in both radius and tibia in the patients with T2D compared with controls [86] . A cross-sectional study with approximately 100 patients with T1D and 100 patients with T2D found that bone microarchitecture when evaluated by HRpQCT in the tibia and radius did not differ between the two groups [87] . Another cross-sectional study with 55 patients with T1D found that at the radius, T1D patients with microvascular diabetes complications had lower vBMD and cortical thickness and larger total and trabecular bone cross-sectional areas compared with the control group. The differences were notsignificant for patients without microvascular complications. There was no differences between the groups where observed concerning the tibia [88] . A cross-sectional study by Farr et al. [89] found no differences in bone microarchitecture including cortical porosity in women with T2D compared with women without diabetes. Interestingly, the same study reported lower BMSi of the tibia in the patients with T2D compared with the controls. Taken together, available data for patients with diabetes points towards deficits in the cortical compartment and a lower resistance to indentation. In combination with a low bone turnover, bone microcracks may occur caused by impaired bone quality, and the fracture risk is increased. Finally, the trabecular bone score (TBS) derived from DXA images may also contribute to assessment of bone quality. Leslie et al. [90] evaluated 2356 women with diabetes (both T1D and T2D) and 27,051 women without diabetes and found lower TBS in patients with diabetes compared with controls despite higher lumbar spine and hip BMD in the patients with diabetes. Furthermore, TBS predicted the fracture risk in both patients with diabetes and controls independently of BMD. Lower TBS values despite higher BMD have also been reported by other studies in patients with T2D [91] and in a group of patients with both T1D and T2D [92] .
Management of bone disease in diabetes
For the management of bone disease in diabetes, the following should be considered: diagnosis of bone disease, intervention threshold for antiosteoporotic treatment, effectiveness of antiosteoporotic treatment in diabetes, and treatment of hyperglycemia and other diabetes complications.
Diagnosis and intervention threshold
A review by Ferrari et al. [93] on behalf of the Bone and Diabetes Working Group of the International Osteoporosis Foundation proposed an algorithm for fracture risk evaluation in adult diabetes patients. The authors suggest that incident hip or vertebral fragility fractures indicate start of antiosteoporotic treatment. In cases of fractures at other sites or if no fracture, patients with diabetes should be further evaluated by DXA and clinical risk factors [93] . As mentioned previously, BMD T-score and FRAX-derived fracture probability estimates underestimate fracture risk in patients with T1D and T2D. Previous studies have suggested that the intervention threshold for patients with diabetes should be altered, parallel to clinical guidelines for glucocorticoid-induced osteoporosis where treatment is initiated at a higher BMD T-score than for primary osteoporosis [94] . Schwartz et al. [79] found that for risk of hip fracture, the BMD T-score is 0.59 higher in women and 0.38 higher in men with T2D compared with women and men, respectively, without diabetes. Hence, we propose that for BMD T-score, the intervention threshold for patients with diabetes should be increased to À2.0, as also suggested by Ferrari et al. [93] . For FRAX, T2D should be included as a risk factor for secondary osteoporosis in future versions of the algorithm.
Antiosteoporotic treatment in diabetes
Data is sparse regarding the effect of antiosteoporotic medication in patients with T1D and T2D, and so far, published papers are either based on post hoc subgroup analyses of randomized trials or from registry-based studies. For alendronate, post hoc analysis of data from a randomized trial showed that the effect of alendronate on BMD gain was not affected by diabetes status in women with T2D [95] . Two registry-based studies found similar effects of alendronate treatment on risk of major osteoporotic fracture in patients with T2D and controls [96] , on risk of any fracture for diabetes as a group compared with controls [97] , and on risk of hip fracture for T1D and T2D compared with controls, respectively [97] . For risedronate, a post hoc analysis of Japanese phase 3 trials found the same beneficial effect on bone turnover and BMD in patients with T2D compared with controls [98] . There is currently no evidence of the effect of treatment with denosumab on bone status and fracture risk in patients with diabetes. For teriparatide, post hoc analyses of a randomized trial showed that the effects of teriparatide on non-vertebral fracture risk and BMD gain were similar in patients with T2D and controls without diabetes, furthermore the T2D patients had a larger increase in femoral neck BMD during 18 months of treatment with teriparatide compared with controls [99] . A potential new antiosteoporosis treatment; Romozosumab, is a sclerosin antibody thus causing a loss of osteoblast inhibition in combination with inhibition of osteoclast recruitment and activation. Romozosumab has been shown to increase BMD at different skeletal sites and decrease fracture risk compared with placebo or other antiosteoporotic treatments [100] . As increased sclerostin levels in T1D and T2D may contribute to bone disease, it will be very interesting to investigate the effect of Romozosumab in patients with diabetes.
Treatment of hyperglycemia and diabetes complications
Hyperglycemia should be treated with antidiabetic medication to avoid detrimental effects of diabetes including microvascular complications, while considering possible side effects of the antidiabetic drug on bone. Treatment of T1D and T2D relies mainly on antidiabetic medication, with insulin as the sole treatment of T1D, and a combination of antidiabetic drugs for T2D in addition to lifestyle changes and also bariatric surgery. Numerous studies have reported on the effects of antidiabetic medication on bone turnover and fracture risk, but many studies are retrospective or registrybased, thus limiting the interpretation of the results.
Traditional oral antidiabetic medication
Metformin is the first line therapy in T2D. Studies have shown osteogenic effects of metformin both in vitro in bone marrow progenitor cells and in vivo in a diabetes rat model, by increasing the expression of osteoblast-specific transcription factor Runx2 [101] and by promoting osteoblastic differentiation in osteoblastlike cells [102] . A 2-year prospective clinical trial reported lower levels of P1NP in a group of T2D patients treated with metformin alone or a combination of metformin and rosiglitazone compared with rosiglitazone alone or different combinations of insulin treatment [103] . For fracture risk, metformin has been associated with possible fracture reduction [76,104e106] or with no effect [107] . Sulphonylureas are widely used in T2D treatment but hypoglycemia is a common side effect to treatment and may increase fracture risk. In an animal study, the sulphonylurea glimepiride was shown to intensify bone formation in ovariectomized rats [108] . For fracture risk, studies have reported different outcomes with sulphonylurea treatment: neutral effect on fracture risk [76, 106] , increased fracture risk [106, 107, 109] , or decreased fracture risk [104] . Glitazones were previously widely used in the treatment of T2D but their use is now limited due to harmful side effects such as an increased risk of myocardial infarction with rosiglitazone [110] , and an increased risk of bladder cancer with pioglitazone [111] . Concerning bone, animal studies have shown that rosiglitazone induces bone loss by activating the protein peroxisome proliferatoractivated receptor-gamma, a regulator of osteoblastic recruitment from the adipocytic lineage [112] . A cohort study showed that current use of glitazones in patients with T2D was associated with increased hip fracture risk with a more pronounced effect in women than in men [105] . Further, for rosiglitazone, clinical studies have shown increased bone resorption [113] and fracture risk in patients with T2D [114] . For pioglitazone, a randomized doubleblind, placebo-controlled study found that treatment with pioglitazone significantly increased fracture risk compared with placebo [115] . The study was conducted in 3876 insulin-resistant patients without diabetes with a previous stroke or transient ischemic attack. A meta-analysis with 22 randomized controlled trials reported increased fracture risk with pioglitazone and rosiglitazone treatment in women but not in men [116] , while another metaanalysis with six randomized trials found no significantly increased fracture risk with pioglitazone treatment. In summary, evidence suggests that both rosiglitazone and pioglitazone treatment are associated with bone loss and increased fracture risk.
Insulin
Insulin is the treatment of T1D and is used as additional treatment of T2D. Insulin is thought to act as an anabolic hormone on bone, evidence is based on the fact that patients with T1D have lower peak bone mass as a result of insulin deficiency. In general, insulin may impact fracture risk negatively by inducing hypoglycemia or positively by restoring normal levels of circulating glucose. Animal studies have shown that in mice lacking the insulin receptor substrates, bone formation is decreased, bone resorption increased [117] , and bone turnover decreased [118] . For fracture risk, reports have been unclear with both evidence of a neutral effect on fracture risk [76] , increased fracture risk [119e121], or decreased fracture risk [104] .
Incretin-based therapy
For the newer incretin-based drugs, the glucagon-like peptide-1 receptor agonists (GLP-1 RA) and dipeptidylpeptidase 4 (DPP4)-inhibitors, interpretation of results from clinical studies are limited by a relative short follow-up period. For DPP4-inhibitors, an in vitro study suggested a direct negative effect on osteoclastogenesis by suppressing RANKL-mediated osteoclast differentiation and bone resorption [122] . A randomized clinical trial showed that one year treatment with the DPP4-inhibitor vildagliptin did not change bone turnover markers in drug-naïve patients with T2D [123] . A retrospective study showed that fracture risk in patients treated with DPP4-inhibitors was comparable to the fracture risk in treatment with either insulin or sulphonylurea drugs but lower than in treatment with glitazones [124] , the latter probably due to increased fracture risk with glitazone treatment. Two retrospective studies showed decreased fracture risk with DPP4-inhibitor use compared to no use in patients with T2D [125, 126] , in both studies follow-up was maximally 5 years. Two other studies found neutral effect of DPP4-inhibitor treatment on fracture risk, a retrospective study [127] , and a meta-analysis of randomized controlled trials [128] . For GLP-1 RAs, a number of animal studies have proposed a beneficial effect on bone turnover via inhibition of osteoclastogenesis [129] . A GLP-1-receptor knock-out mouse model showed that mice lacking the GLP-1 receptor developed cortical osteopenia, increased number of osteoclasts, and increased bone resorption activity compared with wild type mice [71] . A registry-based study showed no effect on fracture risk with GLP-1 RA treatment compared with other antidiabetic drugs [128] . Results from clinical studies on fracture risk with GLP-1 RA treatment are based on meta-analyses, and interpretation of the results are limited by a short follow up time and small numbers of fracture incidence. Most meta-analyses showed a neutral effect on fracture risk [130, 131] , but remarkably, one study found variable fracture risks depending on the type of GLP-1 RA drug [132] . A randomized controlled trial investigated the effect of Liraglutide in non-T2D obese women in a weight loss maintenance period, and reported that Liraglutide increased the levels of bone formation marker P1NP and prevented loss of bone mineral content compared with placebo [133] .
Sodium-glucose cotransporter 2 inhibitors
The sodium-glucose co-transporter 2 (SGLT-2) inhibitors act via inhibition of glucose reabsorption in the kidney, thus increasing glucosuria, and decreasing blood glucose and weight. Concern has been raised, whether glucosuria may lead to disturbance of the calcium and phosphate homeostasis. So far, meta-analyses have reported no effect of SGLT-2 inhibitor use on fracture risk [134, 135] , but further longitudinal studies are warranted. Compared with some other antidiabetic drugs, the SGLT2 inhibitors would potentially reduce fracture risk as there is no risk of hypoglycemia and hence a lower risk of falls.
Bariatric surgery
Bone health in T2D patients treated with bariatric surgery has been shown to deteriorate. Surgery-treated patients experience increased bone turnover compared with nonoperated T2D patients, probably caused by inadequate absorption of vitamins and minerals, risk of secondary hyperparathyroidism, and a negative impact of weight-loss on bone, as review by Yu [136] for the different types of bariatric surgery. A recently published cross-sectional study compared the bone status of 96 previously Roux-En-Y gastric bypass (RYGB)-treated patients with 49 nonoperated patients with T2D [137] . The RYGB-treated patients had lower BMD, lower bone strength estimated by HRpQCT-derived vBMD and failure load, and increased levels of bone resorption and formation markers; CTX and P1NP, respectively, compared with the control group [137] . The results corroborate findings from another study [138] . Interestingly, the findings in the RYGB-treated patients were not associated with current diabetes status 6 years postsurgery [137] . However, as T2D is associated with low bone turnover and high BMD, the consequences of a lower BMD and higher bone turnover after bariatric surgery remains to be solved. Awareness should be raised that patients with T2D treated with bariatric surgery may suffer from detrimental skeletal changes, and we propose that these patients are followed up clinically concerning fracture risk and sufficient vitamin and mineral supplementation.
Other considerations
According to current guidelines from The American Diabetes Association, treatment of elderly patients with diabetes must allow for higher blood glucose levels to reduce the risk of hypoglycemia and the increased fall risk associated with hypoglycemia [139] . Treatment of T2D also include life-style interventions such as weight loss. Weight loss and reduced skeletal load may have harmful effects on bone and increase the risk of fragility fractures [140, 141] , and must be counteracted by weight-bearing exercise and adequate nutrition. See also section 2.3 for a further description of the relationship between weight/BMI and BMD.
Future perspectives
Despite the growing evidence that patients with T1D and T2D suffer from an increased fracture risk, there is still no clear consensus on how to clearly define or evaluate the impaired bone quality in diabetes. There is a demand for thorough longitudinal studies exploring the association between BMD and fracture risk in T1D and T2D and possible confounding by fracture site, age, sex, antidiabetic medication, blood glucose status, and diabetes duration. We speculate whether patients with T1D and T2D would benefit from having DXA routinely performed after the age of 50 years/menopause in women. Routine assessment of BMD would allow for intervention and fracture prevention, but currently specific data in patients with diabetes supporting this is lacking. Bone indentation and the assessment of bone material strength is an exciting new approach to bone quality and future studies will tell whether the method contributes to current knowledge on bone disease in diabetes.
Conclusion
Patients with T1D and T2D suffer from bone disease as a complication to diabetes. Bone turnover is decreased and bone microarchitecture is compromised leading to impaired bone quality. The underlying mechanisms for bone disease in T1D and T2D may be different due to different disease mechanisms. Common factors for patients with T1D and T2D are the increased risk of fracture, most predominantly in the hip, possible side-effects of antidiabetic medication, diagnostic challenges as conventional fracture predictors underestimate fracture risk, and questions regarding treatment of bone disease in diabetes as most currently used antiosteoporotic treatments lack evidence concerning the effect in patients with diabetes. While we are waiting for more evidence, we suggest assessing fracture risk in patients with diabetes by DXA and if available, biochemical markers of bone turnover.
Conflicts of interest
No potential conflict of interest relevant to this article was reported. ORCID. Katrine Hygum: 0000-0003-0411-995X. Jakob Starup-Linde: 0000-0002-4325-8023. Bente L. Langdahl: 0000-0002-8712-7199.
